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Abstract: N-Acyl imidazoles and catalytic isothiourea hydrochloride 
salts function as ammonium enolate precursors in the absence of 
base. Enantioselective Michael addition-cyclization reactions using 
different α,β-unsaturated Michael acceptors have been performed to 
form dihydropyranones and dihydropyridinones with high 
stereoselectivity. Detailed mechanistic studies using RPKA have 
revealed the importance of the “imidazolium” effect in ammonium 
enolate formation and have highlighted key differences with 
traditional base-mediated processes.  
Ammonium enolates generated from tertiary amine-based 
Lewis base catalysts are versatile intermediates that can be 
utilized in a range of stereoselective processes.[1] Traditionally 
accessed directly through nucleophilic attack of tertiary amine 
catalysts onto ketenes,[1c] the practical challenges associated 
with ketene preparation and their use has prompted a number of 
alternative ammonium enolate precursors to be developed 
(Scheme 1a). An early approach generated ketenes in situ from 
the corresponding acid chloride using an organic base.[2] 
Alternatively, homoanhydrides[3] and electron-deficient phenolate 
esters[4] can undergo direct nucleophilic addition by suitable 
Lewis base catalysts to form acyl ammonium intermediates that 
can be deprotonated under basic conditions to form the required 
ammonium enolate. Carboxylic acids can also be used as 
ammonium enolate precursors, but require stoichiometric in situ 
functionalization into either mixed anhydrides or activated esters 
prior to the addition of the Lewis base catalyst.[5] All of these 
procedures typically use an excess of reagents and organic 
bases, and generate by-products that can be difficult to 
chromatographically separate from the desired products.  
In this manuscript, the development of a new, mild method of 
catalytically generating ammonium enolates from bench-stable 
N-acyl imidazole precursors that avoids the use of stoichiometric 
additives and external base, and instead uses isothiourea 
hydrochloride salts as catalysts, is reported. Key to the process 
developed is the exploitation of the reactivity underpinning the 
“imidazolium effect” – the recognized rate enhancement for 
acylations using N-acyl imidazoliums compared with N-acyl 
imidazoles (Scheme 1b).[6] For example, Batey has developed 
N-methyl-N’-carbamoyl imidazolium salts as efficient carbamoyl 
transfer agents,[7] while Gilday used N-acyl imidazoles and 
stoichiometric imidazole hydrochloride for the challenging 
acylation of anilines.[8] Sarpong  
 
Scheme 1. Ammonium enolate precursors at carboxylic acid oxidation level. 
has reported the dual Brønsted acid and Lewis base activation 
of N-acyl imidazoles using stoichiometric pyridinium salts for the 
acylation of alcohols and amines as well as for the esterification 
of carboxylic acids.[9] Although powerful, to date, this 
“imidazolium effect” has not been exploited in either a catalytic 
fashion or for the generation of ammonium enolate 
intermediates.[10] Furthermore, the expected imidazole by-
product is both non-toxic and water soluble and should be 
readily removed from reaction mixtures.  
To the best of our knowledge, N-acyl imidazoles have not 
been investigated as ammonium enolate precursors. However, 
Scheidt and co-workers have previously used N-acyl imidazoles 
as azolium enolate precursors under basic reaction conditions 
using N-heterocyclic carbene catalysis to form 
dihydroquinolones and dihydrocoumarines with good 
enantioselectivity.[11-12] The protocol developed herein 
represents a new paradigm in ammonium enolate generation 
without the addition of external base (Scheme 1c).[13] A range of 
enantioselective Michael addition-cyclization processes with α,β-
unsaturated enones and ketimines to form substituted 
dihydropyranones and dihydropyridinones have been explored. 
Furthermore, a detailed mechanistic investigation has revealed 
key differences between this new process and analogous 
reactions using carboxylic acids under basic conditions.  
Investigations began with the Michael addition-lactonization 
reaction between N-phenacyl imidazole 1 (readily prepared from 
phenylacetic acid and CDI) and trifluoromethylenone 2 (Table 
1).[14] Encouragingly, the reaction using (–)-tetramisole (TM) 
hydrochloride 3 (20 mol%) in CH2Cl2 at rt led to formation of 
dihydropyranone 4 in 84:16 dr and promising 76:24 er for the 
major anti-diastereoisomer, albeit in only 18% yield (Table 1, 
entry 1). Notably, the same reaction performed in the presence 
of i-Pr2NEt (2.5 eq) also gave 4, but as a racemate (Table 1, 
entry 2), consistent with the addition of external base being 
detrimental to the enantioselectivity of the process.[15] Changing 
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Table 1. Reaction optimization[a] 
 
Entry Cat. (mol%) Solvent (M) T (°C) Yield (%)[b] dr[c] er[d] 
1 3 (20) CH2Cl2 (0.2) rt 18 84:16 76:24 (ent) 
2[e] 3 (20) CH2Cl2 (0.2) rt 39 87:13 51:49 
3 3 (20) MeCN (0.1) rt 49 90:10 93:7 (ent) 
4 5 (20) MeCN (0.1) rt 63 88:12 95:5 
5 6 (20) MeCN (0.1) rt 20 85:15 88:12 
6[f] 5 (20) MeCN (0.1) 0 68[g] 91:9 97:3 
7[f] 5 (10) MeCN (0.1) 0 65 92:8 91:9 
[a] Reactions performed on a 0.1 mmol scale. [b] Determined by 1H NMR 
using 1,4-dinitrobenzene as internal standard. [c] Determined by 1H NMR 
spectroscopic analysis of the crude material. [d] Determined by HPLC 
analysis. [e] Reaction with i-Pr2NEt (2.5 eq). [f] Reaction using 1.5 eq 1 for 16 
h. [g] Isolated yield.  
the solvent to MeCN led to an improvement in both reactivity 
and enantioselectivity (Table 1, entry 3). A screen of alternative 
isothiourea catalysts identified (+)-benzotetramisole (BTM) 
hydrochloride 5 as the most effective, leading to higher yields 
and improved stereoselectivity (Table 1, entries 4 and 5). 
Decreasing the reaction temperature to 0 °C and using 1.5 eq 1 
led to the isolation of anti-4 in 68% yield with excellent 91:9 dr 
and 97:3 er (Table 1, entry 6).[16] Successive aqueous acid-base 
work-up allowed imidazole removal and catalyst recovery (88% 
yield). Reducing the catalyst loading to 10 mol% led to slightly 
reduced conversion and enantioselectivity (Table 1, entry 7). 
The scope of this process was assessed through variation of 
the N-acyl imidazole (Table 2). Aryl groups bearing electron-
donating substituents were tolerated, forming anti-
dihydropyranones 7 and 8 with high enantioselectivity, although 
a reduction in yield was observed (Table 2, entries 1-2). The 
presence of electron-withdrawing and halogen aryl substituents 
(10 and 11) gave comparable results with shorter reaction times, 
Table 2. Variation of the N-acyl imidazole with trifluoromethylenone 2 
 
Entry R   Yield (%)[a] dr[b] er[c] 
1 4-MeOC6H4 7 56 87:13 97:3 
2 4-Me2NC6H4 8 38 89:11 99:1 
3 3-MeC6H4 9 66 91:9 96:4 
4 4-F3CC6H4 10 60 91:9 93:7 
5 4-FC6H4 11 70 89:11 97:3 
6 2-ClC6H4 12 63 88:12 76:24 
7 3-Thiophenyl 13 50 83:17 92:8 
8 (E)-MeCH=CH 14 66 72:28 99:1 
[a] Isolated yields as a mixture of diastereoisomers. [b] Determined by 1H NMR 
analysis of the crude material. [c] Determined by HPLC analysis. 
although the presence of an o-chloro substituent led to reduced 
enantioselectivity for anti-12 (Table 2, entries 4-6). 
Heteroaromatic and alkenyl substituents were also successfully 
incorporated within 13 and 14, although the latter was obtained 
with reduced diastereocontrol (Table 2, entries 7 and 8). 
To assess whether the protocol was applicable across a 
range of Michael acceptors, the reaction between N-phenacyl 
imidazole 1 and α,β-unsaturated γ-ketimine ester 15 to form 
dihydropyridinone 16 was studied. (–)-TM·HCl 3 (20 mol%) was 
the optimal catalyst, with the addition of acetic acid (1.1 eq) 
necessary to obtain product 16 in high yield,[17] giving 16 in 67% 
yield with excellent 92:8 dr and 94:6 er (Table 3, entry 1).[18] The 
reactions of α,β-unsaturated γ-ketimine ester 15 with various N-
acyl imidazoles displayed similar trends to those observed with 
trifluoromethylenone 2. The presence of electron-rich aryl 
substituents generally led to lower yield, but high 
enantioselectivity (17-19) whereas dihydropyridinone 20 
containing an electron-deficient aryl ring gave decreased 
enantiocontrol (Table 3, entries 2-5). Notably, o-chloro 
substitution within 22 gave high stereocontrol (Table 3, entry 7). 
 
Table 3. Variation of the N-acyl imidazole with ketimine 15 
 
Entry R   Yield (%)[a] dr[b] er[c] 
1 Ph 16 67 92:8 94:6 
2 4-MeOC6H4 17 51 87:13 94:6 
3 4-Me2NC6H4 18 42 >95:5 97:3 
4 3-MeC6H4 19 47 92:8 97:3 
5 4-F3CC6H4 20 55 92:8 78:22 
6 4-FC6H4 21 68 89:11 92:8 
7 2-ClC6H4 22 66 92:8 97:3 
[a] Isolated yields as a mixture of diastereoisomers. [b] Determined by 1H NMR 
analysis of the crude material. [c] Determined by HPLC analysis. 
Finally, the use of α,β-unsaturated saccharin derivatives as 
Michael acceptors was investigated, with (+)-BTM·HCl 5 (10 
mol%) in EtOAc at rt proving optimal, forming fused 
dihydropyridinone 23 in 84% yield with 89:11 dr and 93:7 er 
(Table 4, entry 1).[17,19] The reaction scope was further assessed 
through variation of both the N-acyl imidazole and α,β-
unsaturated saccharin. Electron-rich and electron-deficient aryl 
substituents within the N-acyl imidazole were tolerated, forming 
24 and 25 with good yields and high stereoselectivity (Table 4, 
entries 2 and 3). Alkenyl substitution led to a reduction in yield 
and diastereoselectivity for 26, although enantioselectivity 
remained high (Table 4, entry 4). A range of electron-rich, 
electron-poor and halogen-substituted aryl rings as well as a 
heteroaryl substituent was tolerated within the saccharin 
component, forming dihydropyridinones 27-30 in high yield with 
good stereocontrol in all cases (Table 4, entries 5-8).  
Having assessed the reaction scope, the role of the 
“imidazolium effect” in N-acyl ammonium formation, as well as 
the mechanism and reaction kinetics of this process was 
investigated. The importance of using the isothiourea 
hydrochloride salt was probed by studying the initial equilibrium  
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Table 4. Reaction scope with α,β-unsaturated saccharin derivatives 
 
Entry R  Ar  Yield (%)[a] dr[b] er[c] 
1 Ph Ph 23 84 89:11 93:7 
2 3-MeC6H4 Ph 24 66 88:12 93:7 
3 4-F3CC6H4 Ph 25 83 88:12 90:10 
4 (E)-MeCH=CH Ph 26 42 76:24 91:9 
5 Ph 4-MeOC6H4 27 80 88:12 93:7 
6 Ph 4-F3CC6H4 28 92 88:12 94:6 
7 Ph 4-BrC6H4 29 98 94:6 91:9 
8 Ph 3-Thiophenyl 30 82 86:14 92:8 
[a] Isolated yields as a mixture of diastereoisomers. [b] Determined by 1H NMR 
analysis of the crude material. [c] Determined by HPLC analysis. 
between the catalyst and N-phenacyl imidazole 1. An equimolar 
mixture of 1 and free-base (+)-BTM 31 in CD3CN showed no 
evidence of catalyst acylation by 1H NMR. In contrast, an 
equivalent mixture of (+)-BTM·HCl 5 and 1 led to rapid 
equilibration with the corresponding N-acyl ammonium 32 and 
free imidazole 33, with Kexp = 0.59 (Scheme 2a).[20] The position 
of this equilibrium is not the only contributing factor to reactivity, 
as using N-acyl triazoles instead of N-acyl imidazoles gave 
higher equilibrium constants but displayed lower overall 
reactivity in reactions to form 4.[21] Furthermore, a 1:1 mixture of 
N-acyl ammonium 32 and N-acyl imidazole 34 showed 
significant cross-over after 4 h (Scheme 2b), adding to the 
complexity of the initial equilibrium.[22] The nature of the non-
participating counter-ion was not important for overall reactivity, 
with a range of (+)-BTM·HX salts giving comparable results in 
the reaction to form 4.[21] Isolated N-acyl ammonium 32 and 
imidazole 33, or acyl imidazolium ion 36 and (+)-BTM 31 (20 
mol%), are competent precatalysts, reacting with 1 and 2 to form 
dihydropyranone 4 in high er (Scheme 2c). A 1:1 mixture of N-
acyl ammonium 32 and enone 2 did not lead to product 
formation indicating the presence of either imidazole or N-acyl 
imidazole is essential for reactivity.  
 
 
Scheme 2. a) Equilibrium between N-acyl imidazole 1 and acyl ammonium 32. 
b) Crossover experiment. c) Use of alternative precatalysts.  
The reaction kinetics were then assessed using the Reaction 
Progress Kinetic Analysis (RPKA) technique pioneered by 
Blackmond.[23] The reaction between N-acyl imidazole 34 (75 
mM) and trifluoromethyl enone 2 (50 mM) using (+)-BTM·HCl 5 
(10 mM) in CD3CN at rt that forms dihydropyranone 11 in 71% 
yield, 85:15 dr and 95:5 er was chosen as standard as the 
concentrations of all fluorine containing species can be 
effectively monitored over time by in situ 19F NMR spectroscopy 
using α,α,α-trifluorotoluene as an internal standard (Figure 1). 
The decreasing concentrations of both reactants and the 
formation of both diastereoisomers of product 11, as well as the 
concentration of N-acyl ammonium 35, could be observed over a 
suitable reaction time. 
The corresponding reaction profile obtained using free-base 
(+)-BTM 31 as the catalyst showed a slower initial rate of 
consumption of the reactants and no measurable formation of N-
acyl ammonium 35.[24] This provides strong evidence of a 
beneficial “imidazolium effect” that promotes formation of N-acyl 
ammonium 35 and increases the overall reaction rate. 
 
 
 
Figure 1. Reaction profile; initial conditions: 34 (75 mM), 2 (50 mM), (+)-
BTM∙HCl 5 (10 mM) in CD3CN. 
The reaction order in (+)-BTM·HCl 5 was assessed using the 
graphical normalized time scale method recently reported by 
Burés.[25] Full reaction profiles at different catalyst concentrations 
were obtained and plotting the concentration of N-acyl imidazole 
34 against a normalized time scale, t[5]n, where n represents the 
order with respect to catalyst, showed that n = 1 (first-order) 
gave the best graphical overlay (Figure 2a).[26,27] Next, a same 
excess experiment was performed in which two different starting 
concentrations of 34 were used, but with the same excess ([34]-
[2] = 25 mM) with respect to enone 2 (Figure 2b).[26] The time 
adjusted reaction profile (□), in which the starting concentrations 
of 2 are aligned, displays poor overlap with the standard profile 
(○). However, by adding the expected imidazole 33 (25 mM) by-
product the time-adjusted profile (Δ) displayed better visual 
correlation.[28] This suggests that release of free imidazole 33 
throughout the reaction inhibits the reaction rate.  
The reaction orders with respect to both N-acyl imidazole 34 
and enone 2 were then assessed by means of a graphical rate  
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Figure 2. a) Determination of catalyst order using a time-normalized profile; initial conditions: 34 (75 mM), 2 (50 mM), (+)-BTM·HCl 5 (varied) in CD3CN. b) Same 
excess experiments with time adjusted profiles. c) Graphical rate equation obtained using varying excesses of 34 and 2 with (+)-BTM·HCl 5 (10 mM) in CD3CN. 
 
equation by obtaining reaction profiles at different reaction 
excesses in the presence of added imidazole 33 (Figure 2c). A 
plot of rate/[34]x versus [2]y, where x and y represent the 
respective reaction orders, showed good graphical overlap and 
linearity when both components are first order (x = y = 1).[26] The 
reaction kinetics show that the rate is positively dependent on 
the concentration of enone 2, indicating that Michael addition 
into 2 may be turnover-rate limiting. To further support this, an 
inverse secondary kinetic isotope effect (kH/kD = 0.75) was 
observed through independent initial rate measurements of the 
reactions using enone isotopologues 2 and 37-d (Scheme 3). 
These studies indicate that the mechanism of this base-free 
process is distinct to that of ammonium enolate generation from 
arylacetic acids under traditional basic conditions, where 
deprotonation is turnover-limiting and the reaction is zero order 
with respect to enone 2.[14] 
 
 
Scheme 3. Secondary kinetic isotope effect measurement. 
 
Finally, the catalyst resting state was probed by using a 
fluorinated catalyst, (+)-F-BTM·HCl, and tracking the 
concentrations of the catalyst-derived species. During the 
reaction, the concentration of the corresponding N-acyl 
ammonium decreases over time, while the concentration of free 
(+)-F-BTM increases.[26] This suggests that the overall process 
may follow a complex kinetic equation as a consequence of the 
catalyst having no definitive resting state.[29] This is plausible 
given the observed equilibrium between (+)-BTM·HCl 5, N-acyl 
imidazole 1 and N-acyl ammonium 32, the position of which will 
vary as the concentration of imidazole 33 increases throughout 
the reaction.  
The above evidence allows the following catalytic cycle to 
be proposed (Scheme 4). Initial equilibration between (+)-
BTM·HCl 5, N-acyl imidazole 1 and N-acyl ammonium 32 is 
likely to be facilitated by transient formation of N-acyl 
imidazolium 36. The reaction displays a negative kinetic order in 
released imidazole 33 as its concentration affects the position of 
the initial equilibrium. Furthermore, as the reaction displays no 
definitive catalyst resting state the overall reaction kinetics are 
complex. Deprotonation of N-acyl ammonium 32 using either 
imidazole 33 or another N-acyl imidazole 1 forms (Z)-ammonium 
enolate 39, which can undergo turnover-limiting stereoselective 
Michael addition into enone 2. The conformation of 39 is thought 
to be stabilized by a non-bonding nO to σ*C-S interaction,[30] 
allowing the stereoselective Michael addition to occur on the 
opposite face to the stereodirecting phenyl substituent on the 
isothiourea. Finally, lactonization releases the catalyst and forms 
the dihydropyranone product 4.  
 
 
Scheme 4. Proposed reaction mechanism. 
In conclusion, bench-stable N-acyl imidazoles are 
ammonium enolate precursors under mild, base-free conditions 
in the presence of catalytic isothiourea hydrochloride salts. The 
ammonium enolates undergo highly stereoselective Michael 
addition-lactonization / lactamization processes in the presence 
of various α,β-unsaturated Michael acceptors. Mechanistic 
studies have revealed the importance of the “imidazolium effect” 
to promote reactivity, which represents a new paradigm in 
ammonium enolate formation. The use of Reaction Progress 
Kinetic Analysis has allowed the complex reaction kinetics to be 
probed, identifying the Michael addition step as turnover-rate 
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limiting and the imidazole by-product as a source of product 
inhibition. Further studies within this laboratory are focused on 
the development and mechanistic understanding of Lewis-base 
catalysed processes.[31] 
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